As a key parameter of a chemical heat storage material, the hydration and dehydration reaction characteristics of lithium hydroxide (LiOH) at pure vapor condition is unclear. In this study, we focused on the hydration reaction and dehydration process of LiOH at the pure vapor condition. The pressure-temperature diagram of LiOH equilibrium was measured. The hydration and dehydration of LiOH at various conditions have been experimentally investigated. The results show that the steam diffusion can be greatly enhanced at vacuum condition. A thin layer of LiOH is uniformly dispersed in the reactor, which can greatly increase the heat transfer between the LiOH material and reactor, leading to a higher hydration reaction rate of LiOH. Furthermore, the steam pressure, reaction temperature, and the particle size of LiOH can greatly influence the hydration reaction. A maximum hydration reaction rate of 80% is obtained under the conditions of 47 • C, steam pressure of 9 kPa, and particle size of 32-40 µm. LiOH exhibits a different reaction property at the condition of pure steam without air and below atmospheric pressure. A store and reaction condition of LiOH with isolation of air is recommended when apply LiOH as a heat storage material at low temperature.
Introduction
In order to increase the total energy utilization efficient, the application of thermal energy storage technologies, including sensible heat storage, latent heat storage, and chemical heat storage, have been extensively studied in the recent decades [1] [2] [3] [4] [5] [6] . Chemical heat storage shows great advantages with following characteristics [3, 4, 6] : (1) Chemical heat storage can store and release heat with a relatively high energy density by reversible chemical reaction; (2) chemical heat storage can utilize waste heat during various temperature range by different reaction pairs and selected reaction conditions; and (3) thermal energy can be stored in chemical substances form without any heat loss. The long-term heat storage can be possible in chemical substance form; (4) the chemical heat storage can store and release heat at an arbitrary temperature depending on the reaction equilibrium temperature and pressure.
The chemical heat storage cycle can be divided into the heat storage process and heat release process, which can be repeated with reversible chemical reaction. In each operation, the reaction gas moves between the reactor-evaporation or reactor-condenser by the pressure difference as the driving force. A typical reversible thermochemical reaction is shown in Equation 1. The heat storage operation and the heat release process can be summarized as the following Equations [7] [8] [9] [10] . AB(s) = A(s) + B(g).
(1)
Heat storage process: AB(s) → A(s) + B(g); ∆H > 0.
(2)
Heat release process: A(s) + B(g) → AB(s); ∆H < 0.
B(l) → B(g).
Numerous chemical heat storage materials have been investigated for different temperature ranges. The heat storage temperature and heat storage density of various typical reaction pairs are summarized in Table 1 . A wide range of storage temperature can be achieved by applying different reaction systems. For middle and low temperature storage, numerous reaction systems, the metal salts and hydroxide such with vapor [11] [12] [13] [14] [15] [16] and ammonia (NH 3 ) [9, [17] [18] [19] [20] systems, have been proposed and investigated. The heat around 200 • C can be utilized by the reaction pairs of FeCl 2 /NH 3 (ammonia molecules: 6-2) and NiCl 2 /NH 3 (6-2) with heat storage of 1620 and 1829 kJ/kg, or 2560 and 1757 kJ/L [9] . The reaction pairs of MgSO 4 /H 2 O (7-0.5) [11] , MgCl 2 /H 2 O (6-2) [14] , and MnCl 2 /NH 3 (6-2) [9] can be charged around 150 • C. Among them, MgSO 4 /H 2 O (7-0.5) has a relatively high heat storage density of 2498 kJ/kg or 3326 kJ/L. For low temperature around 50 • C, the reaction pairs of LiOH/H 2 O (1-0) [16, 21, 22] , NH 4 Cl/NH 3 (3-0) [9] , NaBr/NH 4 (5.25-0) [9] , and BaCl 2 /NH 3 (8-0) [9] can be applied.
The reaction pair of LiOH/LiOH·H 2 O is selected because of relative high heat storage density based on weight. Kubota et al. [16] investigated the enhancement of the hydration rate of LiOH by combining with mesoporous carbon. The results showed that LiOH could be successfully supported on mesoporous carbon. The hydration reaction rate of LiOH were increased by combining with mesoporous carbon, which demonstrated that LiOH supported on mesoporous carbon was an effective method to improve the hydration reaction rate of LiOH. The effect of LiOH addition on dehydration reaction of Mg(OH) 2 has been investigated by Kurosawa and Ryu [23] . They found that the rate of the dehydration reaction could be increased with increasing addition ratio of LiOH. Yang et al. [24] applied carbon nanospheres (CNSs) and multi-walled carbon nanotubes (MWCNTs) to modify LiOH for low temperature chemical heat storage. They obtained high thermochemical composite materials of LiOH·H 2 O/CNSs, LiOH·H 2 O/MWCNTs, and LiOH·H 2 O/AC (activated carbon) with heat density of 2020 kJ/kg, 1804 kJ/kg, and 1236 kJ/kg, respectively. The effect of addition and modification of LiOH has been widely investigated by previous studies.
As above, the enhancement of LiOH by various methods has been investigated. It is possible to improve LiOH performance by those methods. However, the operation conditions of LiOH/LiOH·H 2 O pair and hydration/dehydration reaction performance for LiOH at pure vapor condition remain also unclear and need further investigation. As a key parameter of a chemical heat storage material, the hydration and dehydration reaction of lithium hydroxide (LiOH) at pure vapor condition remains unclear. Thus, the studies on the hydration and dehydration reaction of LiOH for low temperature chemical heat storage are valuable. This research aims to evaluate the true reaction rate of LiOH with pure vapor conditions. The operation conditions of LiOH at hydration and dehydration have been confirmed, the hydration reaction and dehydration reaction rates of LiOH at various steam pressures, reaction temperatures, and the particle sizes have been investigated. The results can contribute to the fundamental database and provide an in-depth understanding of hydration and dehydration process of LiOH for low temperature chemical heat storage. 
Experimental Apparatus and Method

The Constant Volume Method
The constant volume method was applied in this study. The experimental diagram for the constant volume method is shown in Figure 1 . A reactor (volume: 0.005 L, initial temperature: 47 • C), a reserve tank (temperature 55 • C, capacity 13 L), a vacuum pump (ULVAC Kiko, Inc., GLD-051 type), and an evaporator (plate heat-exchange evaporator. Length: 320 mm; width: 100 mm; and thickness: 40 mm) were involved. The temperature of the reactor and evaporator were controlled by the thermostatic bath. LiOH (Kishida Chemical, purity: 98%) was used as the heat storage material in this research. To reduce heat transfer resistance during the reaction process, LiOH was filled in the reactor with a tiny thin layer thickness of 0.2-0.3 mm, as shown in Figure 2 . In order to keep vacuum state of LiOH or LiOH·H 2 O before the reaction, air in the reactor and pipeline was driven away by the vacuum pump. The initial pressure in the reserve tank was set by the evaporator pressure and the vacuum pump, which varied as 3, 5, 7, and 9 kPa. The steam was injected into the reactor from evaporator, and then the reaction started. The pressure change in the reactor and reserve tank could be obtained. The reaction rate could be calculated by the steam pressure change in the reserve tank, as shown in Equation (6) .
where, X (-) is the reaction rate, and ∆P (kPa) is the theory maximum pressure change, which can be calculated from the weight of LiOH and reaction equation. P 0 (kPa) is the initial steam pressure in tank. P i (kPa) is defined as the steam pressure in the tank during the reaction process. 
where, (-) is the reaction rate, and ∆P (kPa) is the theory maximum pressure change, which can be calculated from the weight of LiOH and reaction equation.
(kPa) is the initial steam pressure in tank.
(kPa) is defined as the steam pressure in the tank during the reaction process. 
Hydration Reaction Procedure
ere, (-) is the reaction rate, and ∆P (kPa) is the theory maximum pressure change, which can calculated from the weight of LiOH and reaction equation.
(kPa) is the initial steam pressure tank.
(kPa) is defined as the steam pressure in the tank during the reaction process. . Hydration Reaction Procedure
The hydration reaction procedure of LiOH is summarized as follows: (1) The anhydrous LiOH samples are taken from the sample bottle, and then the particle diameter is adjusted by a pestle; (2) the anhydrous LiOH sample is placed in the reactor, and benzine (benzine can make the LiOH particles uniformly distributed without dissolution. That will not change the particle size of LiOH. The boiling point of benzene is low, which can be easily evaporated) was applied to uniform the LiOH distribution in the reactor; (3) the reactor is sealed into the thermostat bath and connected with steam pipeline by connecting devices; (4) thermostat bath temperature is set at 80 • C, and the pressure in the thermostatic chamber and the reactor can be driven to the nearly vacuum state of 10 Pa by the vacuum pump for about 1 h; and (5) the valve between the vacuum pump and reactor is closed; then the valve between the evaporator and reserve tank is opened and the steam is injected into the reserve tank. The steam pressure in the reserve tank can be adjusted by the evaporator. At the same time, the thermostat bath temperature in which the reactor was located is adjusted to the required reaction temperature until the reactor temperature and reserve tank pressure increase to a constant reaction condition before the next step; (6) the electronic valve between the reserve tank and reactor is then opened and the hydration reaction begins with the injection of steam into the reactor. The pressure and temperature changes are recorded with a step of 1 second. During the reaction process, the temperature change is not discussed, because the temperature changes of the LiOH sample in the reactor is very tiny. The highest temperature changes record is approximately 0.5 • C, which cannot be applied to calculate the reaction rate. The effects of hydration temperature, particle size, and steam temperature on hydration reaction rate were investigated. The reaction condition is shown in Table 2 . 
Dehydration Reaction Procedure
After hydration reaction, the reacted LiOH·H 2 O was applied for the dehydration reaction process. The dehydration reaction procedure was followed by the end of hydration reaction and summarized as follows: (1) The value between reactor and reserve tank was closed. In order to ensure the completion of hydration reaction, the vapor pressure and temperature of the reaction were maintained at 9 kPa and 47 • C for 1 day, respectively; (2) the reserve tank pressure was changed to the dehydration condition of 6 kPa; and (3) the valve between reserve tank and reactor was opened, and then the dehydration reaction temperature was increased to 90 • C. The pressure and temperature changes were recorded with a step of 1 second, the same with the hydration reaction process. (4) The same material was measured three times by repeat of the hydration and dehydration procedures.
Discussion
Pressure-Temperature Diagram of LiOH
During the measurement of the pressure-temperature diagram of LiOH, the pressure-temperature diagram of hydration was firstly measured. The results of the hydration reaction process were measured and shown in Figure 3 . For the hydration reaction, the reserve tank and the reactor were pumped to below 10 Pa, and the initial temperature of the reactor was set at 80 • C during pumping period. Then the steam at the required pressure was injected into the reactor. The temperature of reactor was decreased at 0.025 • C/min to find the beginning reaction temperature of the hydration reaction process. The beginning hydration temperature could be considered at where a sharp decline in pressure was. The temperature and pressure at the sharp decline point were considered as the equilibrium temperature and the equilibrium pressure of the hydration reaction process.
After the end of the hydration reaction, the pressure-temperature diagram of dehydration was then measured. The results of the dehydration reaction process were measured and shown in Figure 4 . LiOH was converted to LiOH·H 2 O after the hydration reaction process, which could be used for the next measurement of the dehydration reaction equilibrium. The steam pressure in the reactor would be kept at 7.7 kPa, and the temperature was increased at 0.025 • C/min to find the beginning reaction temperature of dehydration. The beginning dehydration temperature could be judged at where a rapid increase in pressure was. The temperature and pressure at the sharp decline point were considered as the equilibrium temperature and pressure of the dehydration reaction process. a sharp decline in pressure was. The temperature and pressure at the sharp decline point were considered as the equilibrium temperature and the equilibrium pressure of the hydration reaction process. After the end of the hydration reaction, the pressure-temperature diagram of dehydration was then measured. The results of the dehydration reaction process were measured and shown in Figure  4 . LiOH was converted to LiOH·H2O after the hydration reaction process, which could be used for the next measurement of the dehydration reaction equilibrium. The steam pressure in the reactor would be kept at 7.7 kPa, and the temperature was increased at 0.025 °C/min to find the beginning reaction temperature of dehydration. The beginning dehydration temperature could be judged at where a rapid increase in pressure was. The temperature and pressure at the sharp decline point were considered as the equilibrium temperature and pressure of the dehydration reaction process. a sharp decline in pressure was. The temperature and pressure at the sharp decline point were considered as the equilibrium temperature and the equilibrium pressure of the hydration reaction process. After the end of the hydration reaction, the pressure-temperature diagram of dehydration was then measured. The results of the dehydration reaction process were measured and shown in Figure  4 . LiOH was converted to LiOH·H2O after the hydration reaction process, which could be used for the next measurement of the dehydration reaction equilibrium. The steam pressure in the reactor would be kept at 7.7 kPa, and the temperature was increased at 0.025 °C/min to find the beginning reaction temperature of dehydration. The beginning dehydration temperature could be judged at where a rapid increase in pressure was. The temperature and pressure at the sharp decline point were considered as the equilibrium temperature and pressure of the dehydration reaction process. The equilibrium temperature at the initial pressures of 7, 5, 3, and 1 kPa were measured by the same method. The measurement results together with the measurement results for the dehydration reaction process by thermal gravity method (TG) [25] and the theoretical equilibrium line of LiOH [26] are shown in Figure 5 . In order to confirm the accuracy of measurements, the measurements of hydration temperature at 35 • C and dehydration temperature at 50 • C were measured twice. The hydration pressures were 3 and 2.9 kPa at hydration temperature at 35 • C, while dehydration pressures were 2.77 and 2.8 kPa, respectively, which shows a good accuracy of the measurement in this research. As the results shown in Figure 5 , the hydration and dehydration temperature could be as low as 20 • C to 30 • C, which confirms that it was available to apply the LiOH/ LiOH·H 2 O reaction process for heat storage at a temperature of 20 • C to 30 • C. Furthermore, the required saturated vapor pressure was higher than the theoretical equilibrium pressure. In the hydration reaction, the hydration equilibrium temperatures at 8.6 kPa and 3 kPa were 55 • C and 35 • C, which was 25 • C and 30 • C lower than the theoretical equilibrium temperature. In the dehydration reaction, the dehydration equilibrium temperatures at 2.77 kPa and 7.7 kPa were 50 • C and 63 • C, which was 10 • C and 17 • C lower than the theoretical equilibrium temperatures. The experimental value was the difference with the previous Energies 2019, 12, 3741 7 of 13 experiment results and theoretical results. The reason could be considered that pressure-temperature diagram was measured under vacuum conditions. The reactant could be considered as the pure vapor without air, which was different from the previous conditions (at atmosphere air condition). Furthermore, the theoretical equilibrium line of LiOH [26] was calculated at atmosphere air condition. The measurements were carried out under vacuum condition. The dehydrated vapor could be easily escaped, leading to a lower dehydration temperature. Therefore, the dehydration reaction temperature was available at the lower temperature side of the theoretical equilibrium line. LiOH exhibited a different reaction property with pure vapor steam at the vacuum condition compared with that at air conditions. The store condition of LiOH should be carefully considered in air conditions when applying LiOH as a heat storage material at low temperature.
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The equilibrium temperature at the initial pressures of 7, 5, 3, and 1 kPa were measured by the same method. The measurement results together with the measurement results for the dehydration reaction process by thermal gravity method (TG) [25] and the theoretical equilibrium line of LiOH [26] are shown in Figure 5 . In order to confirm the accuracy of measurements, the measurements of hydration temperature at 35 °C and dehydration temperature at 50 °C were measured twice. The hydration pressures were 3 and 2.9 kPa at hydration temperature at 35 °C, while dehydration pressures were 2.77 and 2.8 kPa, respectively, which shows a good accuracy of the measurement in this research. As the results shown in Figure 5 , the hydration and dehydration temperature could be as low as 20 °C to 30 °C, which confirms that it was available to apply the LiOH/ LiOH·H2O reaction process for heat storage at a temperature of 20 °C to 30 °C. Furthermore, the required saturated vapor pressure was higher than the theoretical equilibrium pressure. In the hydration reaction, the hydration equilibrium temperatures at 8.6 kPa and 3 kPa were 55 °C and 35 °C, which was 25 °C and 30 °C lower than the theoretical equilibrium temperature. In the dehydration reaction, the dehydration equilibrium temperatures at 2.77 kPa and 7.7 kPa were 50 °C and 63 °C, which was 10 °C and 17 °C lower than the theoretical equilibrium temperatures. The experimental value was the difference with the previous experiment results and theoretical results. The reason could be considered that pressure-temperature diagram was measured under vacuum conditions. The reactant could be considered as the pure vapor without air, which was different from the previous conditions (at atmosphere air condition). Furthermore, the theoretical equilibrium line of LiOH [26] was calculated at atmosphere air condition. The measurements were carried out under vacuum condition. The dehydrated vapor could be easily escaped, leading to a lower dehydration temperature. Therefore, the dehydration reaction temperature was available at the lower temperature side of the theoretical equilibrium line. LiOH exhibited a different reaction property with pure vapor steam at the vacuum condition compared with that at air conditions. The store condition of LiOH should be carefully considered in air conditions when applying LiOH as a heat storage material at Figure 5 . Results of the equilibrium line of LiOH (compared with results from the thermal gravity method [25] and theoretical equilibrium in the previous study [26] ).
Hydration Reaction Rate of LiOH
The hydration reaction rate at the particle diameter of 100-125 µm, steam pressure of 5 kPa, and temperature of 47 • C was measured by the constant volume method. The measurement results together with the previous study by TG [27] are shown in Figure 6 . The difference of the measurement condition is that the previous study was measured by a TG under air conditions. As shown in Figure 6 , the reaction rate raised to about 30% within 1 min of the reaction, which was significantly faster than the previous research. The reason could be considered as an enhancement of heat transfer and steam diffusion in this research. The sealed reactor at the vacuum condition could greatly promote steam diffusion. Furthermore, a thin layer of LiOH was uniformly dispersed in the reactor, which could greatly increase the heat transfer between the LiOH material and reactor, leading to a higher hydration reaction rate of LiOH.
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The hydration reaction rates at the particle diameters of 32-40 µm and 100-125 µm, steam pressure of 6 kPa and 9 kPa, and reactor temperature of 47 • C and 50 • C are measured and shown in Figures 7-9 , respectively. As can be seen from Figures 7-9 , the reaction rate of hydration could not reach 100% at different conditions of the particle diameter, steam pressure, and reaction temperature. The hydration reaction began with an extremely fast reaction rate in a short period of time, and then the reaction rate continued to increase with a very slow speed, which could be that resistance of the mass transfer in LiOH particle increased with the progress of the LiOH hydration reaction. Therefore, it became difficult for the steam to get into the dipper layer of LiOH, leading to a lower reaction rate with time. The hydration reaction time shown in Figure 7 was just 600 s, while the actual measurement time was 3 days. The hydration reaction rate at the particle diameter of 32-40 µm could be rapidly reached to 80% within 5 minutes. While the hydration reaction rate at the particle diameter of 100-125 µm reached 60% at about 600 s. However, the hydration reaction rate at this condition would continue to increase slowly and reach 80%. With the decreasing of the particle diameters, the hydration reaction rate could be accelerated because of a higher diffusion rate between steam and the reaction surface area of LiOH. Furthermore, the surface area of LiOH at a lower particle diameter was higher, leading to more reaction of LiOH with steam at the same reaction time. With the increase of steam pressure, steam diffused faster to the surface and inner of LiOH particles, leading to a higher hydration reaction rate as shown in Figure 8 . The hydration reaction was an exothermic reaction, the increase of the reaction temperature was unfavorable to the hydration progress, resulting in a lower hydration reaction rate of LiOH. In Figures 6-9 , all experiments were carried out at vacuum condition. The pure vapor could be considered as a reactant because of lacking air. No air was injected in the reactor. Therefore, there was no such influence on the equilibrium of LiOH hydration/dehydration. The upper limit of the hydration reaction ratio of LiOH is dependent on the carbonation reaction of LiOH at the atmosphere air condition [28] , because the sub reaction of LiOH can be active with CO 2 at the atmosphere air condition, leading to the conversion of LiOH to Li 2 CO 3 [28] .
Energies 2019, 12, 3741 9 of 13 Figure 6 . LiOH hydration reaction (temperature 47 °C, steam pressure 5 kPa, and particle size 100-125 μm) with that by the thermal gravity method (TG) [27] . The hydration reaction rates at the particle diameters of 32-40 μm and 100-125 μm, steam pressure of 6 kPa and 9 kPa, and reactor temperature of 47 °C and 50 °C are measured and shown in Figures 7-9 , respectively. As can be seen from Figures 7-9 , the reaction rate of hydration could not The hydration reaction rates at the particle diameters of 32-40 μm and 100-125 μm, steam pressure of 6 kPa and 9 kPa, and reactor temperature of 47 °C and 50 °C are measured and shown in Figures 7-9 , respectively. As can be seen from Figures 7-9 , the reaction rate of hydration could not reach 100% at different conditions of the particle diameter, steam pressure, and reaction temperature. 
Dehydration Reaction Rate of LiOH
The dehydration reaction was then started after the completion of the hydration reaction at condition A. The result of dehydration is shown in Figure 10 . At the start of the measurement, the pressure and temperature are 6 kPa and 47 • C, which had not yet reached the dehydration reaction condition as shown in Figure 5 . Therefore, the dehydration reaction rate kept being 0% for a while. The dehydration reaction started with a rapid pressure increase when the temperature in LiOH·H 2 O rose to around 58 • C. The pressure stopped changing and the dehydration increased to about 80% at 10 minutes, which could be considered as the completion of the dehydration reaction. Compared with the hydration reaction, the dehydration reaction could be completed in a very short time. Therefore, the rapid dehydration reaction rate was attractive during the practical application of LiOH/LiOH·H 2 O pair for low temperature heat storage. condition A. The result of dehydration is shown in Figure 10 . At the start of the measurement, the pressure and temperature are 6 kPa and 47 °C, which had not yet reached the dehydration reaction condition as shown in Figure 5 . Therefore, the dehydration reaction rate kept being 0% for a while. The dehydration reaction started with a rapid pressure increase when the temperature in LiOH·H2O rose to around 58 °C. The pressure stopped changing and the dehydration increased to about 80% at 10 minutes, which could be considered as the completion of the dehydration reaction. Compared with the hydration reaction, the dehydration reaction could be completed in a very short time. Therefore, the rapid dehydration reaction rate was attractive during the practical application of LiOH/LiOH·H2O pair for low temperature heat storage.
The structures of LiOH after the hydration and dehydration reaction process were observed by SEM (JEOL Ltd., JSM-7800F), which is shown in Figure 11 . The SEM photo in Figure 11a shows the result of raw material, Figure 11b ,c show that after the hydration and dehydration reactions. The porous channel for steam transfer on the LiOH surface as shown in Figure 11b and 11c were increased clearly after the hydration and dehydration reaction process, which could be considered from expansion with the steam getting into/out of the particles during the reaction process. The porous channels in Figure 11b ,c were almost the same after the hydration and dehydration reaction at different conditions. Therefore, the diffusion of steam between the surface and inside of LiOH could be maintained. The structures of LiOH after the hydration and dehydration reaction process were observed by SEM (JEOL Ltd., JSM-7800F), which is shown in Figure 11 . The SEM photo in Figure 11a shows the result of raw material, Figure 11b ,c show that after the hydration and dehydration reactions. The porous channel for steam transfer on the LiOH surface as shown in Figure 11b ,c were increased clearly after the hydration and dehydration reaction process, which could be considered from expansion with the steam getting into/out of the particles during the reaction process. The porous channels in Figure 11b ,c were almost the same after the hydration and dehydration reaction at different conditions. Therefore, the diffusion of steam between the surface and inside of LiOH could be maintained. 
Conclusions
As a key parameter of a chemical heat storage material, the hydration and dehydration reaction of lithium hydroxide (LiOH) at pure vapor condition was focused on in the research. The pressuretemperature diagram of LiOH equilibrium was measured. The hydration and dehydration of LiOH at various conditions were experimentally investigated. The main results were summarized as follows.
1
The measurements of the dehydration reaction were carried out under vacuum condition. The dehydrated vapor could be easily escaped, leading to a lower dehydration temperature compared with the theoretical equilibrium line at atmosphere air condition; 2
The steam diffusion could be greatly enhanced at vacuum condition. A thin layer of LiOH was uniformly dispersed in the reactor, which could greatly increase the heat transfer between the LiOH material and reactor, leading to a higher hydration reaction rate of LiOH; 3
The steam pressure, reaction temperature, and the particle size of LiOH could greatly influence the hydration reaction. A maximum hydration reaction rate of 80% was obtained under the conditions of 47 °C, steam pressure of 9 kPa, and particle size 32-40 μm; 4
LiOH exhibited a different reaction property with pure steam at vacuum condition. The store and reaction conditions of LiOH should be carefully considered in air conditions when applying LiOH as a heat storage material at low temperature. 
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